Mercury (Hg) is one of the main chemicals currently altering Mediterranean ecosystems. Red mullet (Mullus barbatus and M. surmuletus) have been widely used as quantitative bio-indicators of chemical contamination. In this study, we reassess the ability of these species to be used as efficient bioindicators of Hg contamination by monitoring during 18 months Hg concentrations in muscle tissue of mullet sampled from 5 French Mediterranean coastal areas. Mean concentrations ranged between 0.23 and 0.78 μg g−1 dry mass for both species. Values were consistent with expected contamination patterns of all sites except Corsica. Results confirmed that red mullets are efficient bio-indicators of Hg contamination. Nevertheless, the observed variability in Hg concentrations calls for caution regarding the period and the sample size. Attention should be paid to environmental and biologic specificities of each studied site, as they can alter the bioaccumulation of Hg, and lead to inferences about environmental Hg concentrations.
Introduction
Chemical contamination is one of the main threats currently causing alteration to marine ecosystems (Halpern et al., 2008) , with observed impact on individuals, populations, species and ecosystems (Fleeger et al., 2003) . Chemical pressure is high in the Mediterranean Sea, a semi-enclosed sea surrounded by highly industrialized and densely populated countries (Durrieu de Madron et al., 2011) . Among all chemicals, mercury (Hg) is of great concern, as it has neurotoxic, immunotoxic and teratogenic effects on vertebrates (Scheuhammer et al., 2007; Tartu et al., 2013) . Metallic mercury (Hg 0 ) is emitted in the environment from natural (mainly volcanic emissions) and anthropogenic sources, with an increase in the anthropogenic sources since the end of the 18 th century (Streets et al., 2011) . Hg 0 is highly volatile and can be transported during long periods of time and over long distances. After deposition as Hg II , Hg is methylated by heterophic bacteria as methylmercury (MeHg) . In marine environments, this process occurs in low oxygen zones in the water column, and at the water/sediment interface (Blum et al., 2013; Cossa et al., 2009; Heimbürger et al., 2010) . MeHg is the chemical form of Hg of greatest concern, as it can enter the trophic networks after being uptaken by the phytoplankton. High MeHg concentrations are observed in high trophic level species, due to the high level of biomagnification of MeHg throughout the trophic networks.
To cope with such high Hg concentrations, physiological mechanisms were developed against the adverse effect of metallic contaminants. The synthesis of metallothionein is commonly proposed as an important detoxifying mechanism in fishes. Metallothionein is a class of low molecular-weight proteins able to bind to metals and to play a role in the detoxifying process as high metallothionein concentration are measured in fish sampled in contaminated zones (Filipović and Raspor, 2003; .Zorita et al. 2009 ). Others detoxifying mechanisms can involve antioxidant synthesis or metabolisation of contaminants in the liver (Company et al. 2010 ).
Monitoring Hg contamination can by performed by assessing environmental concentrations in water or sediment. This approach produces an immediate measure of contamination in a specific place but is complex to use, mainly due to low concentrations and the high temporal and spatial variability observed. In addition, high contaminant concentrations in the environment do not always lead to high values and adverse effects on organisms and viceversa (Beyer et al., 1996; Martínez-Gómez et al., 2012) . Consequently, in most cases, contamination has been assessed by bio-monitoring, i.e. inferring the contamination in the environment from values measured in organisms. This approach can provide time and space integrated information about the actual Hg contamination, and also about the bio-available fraction of the contaminant, which actually enters the trophic networks. Determining Hg concentrations in marine organisms is also required for sanitary purpose, as consumption of contaminated products is the main pathway leading to human intoxication (Endo et al., 2013; Martí-Cid et al., 2007) . Nevertheless, this approach is rendered complex because of the influence of various biotic and abiotic factors on the bioaccumulation (Phillips and Rainbow, 1998) .
Red mullet (Mullus spp.) exhibit several features allowing them to be considered as appropriate bio-indicators of mercury contamination. These species are observed off all
Mediterranean shores, providing a basis for wide-ranging geographical comparison of the results (Kucuksezgin et al., 2001; Labropoulou et al., 1997; Lombarte et al., 2000; Morat et al., 2012; Reñones et al., 1995; Tserpes et al., 2002) . The biological and ecological features of this species, such as diet, growth, spatial patterns and reproduction have been extensively studied and may provide a basis for explaining the contamination patterns observed (BautistaVega et al., 2008; Cresson et al., 2014 a,b; Labropoulou et al., 1997; Lombarte et al., 2000; Machias et al., 1998; Machias and Labropoulou, 2002; Morat et al., 2012; Reñones et al., 1995) . Since food is considered to be the main source of Hg contamination in fish (Hall et al., 1997) , a good knowledge of dietary habits is crucial to the understanding of contamination patterns. Both M. barbatus and M. surmuletus have similar mesocarnivorous diets based on benthic invertebrates, such as crustaceans and annelids (Bautista-Vega et al., 2008; Cresson et al., 2014b; Labropoulou et al., 1997; Machias and Labropoulou, 2002) . With increasing size, M. barbatus changes its diet, consuming larger shrimps and annelids and avoiding small crustaceans. In contrast, M. surmuletus has the same diet whatever the size (Bautista-Vega et al., 2008; Labropoulou et al., 1997) . Mullus species are considered to be rather territorial (Morat et al., 2012) , even if spatial and depth segregation between large and small individuals has been reported (Lombarte et al., 2000) . Due to their strong benthic affinity, their burrowing activity and the low range of movement of these species, the level of contamination in Mullus spp can be considered representative of the local contamination level in the environment.
These species are also expected to accumulate pollutants at a higher rate than other fish species (Zorita et al., 2008) and were recommended as suitable species for the monitoring of environmental contamination (UNEP/RAMOGE 1999). Finally, these species have a commercial value and have been fished mainly by small-scale coastal fisheries since Roman and Greek antiquity (FAO, 2012; Leleu et al., 2014; Tipton, 2008; Tserpes et al., 2002 Capelli et al. 2004; Conti et al., 2012; Copat et al., 2012; Corsi et al., 2002; Falcó et al., 2006; Harmelin-Vivien et al., 2009; Kucuksezgin et al., 2001; Martínez-Gómez et al., 2012 
Materials and methods

Sample collection and preparation
Individuals of the two main Mediterranean mullid species (Mullus barbatus barbatus
Linnaeus, 1758, hereafter M. barbatus and Mullus surmuletus Linnaeus, 1758) were collected every two months from June 2012 to December 2013 by fishermen operating trammel nets in shallow (~ 20 -50 m depth) coastal waters of the French Mediterranean ( Fig. 1) , at two sites in the Gulf of Lions (Banyuls-sur-Mer, hereafter Banyuls, and Sète), two in the Provence area (La Seyne-sur-Mer, hereafter La Seyne, and Nice) and one in south-eastern Corsica (Sant'Amanza).
These sites were chosen as they were thought to reflect different levels of contamination:
Corsica is considered to be lightly impacted by contamination pressure, and is commonly used as the reference site in contamination studies (e. g. Andral et al., 2004; Lafabrie et al., 2007; Pergent-Martini, 1998 Mediterranean (Andral et al., 2004; Tessier et al., 2011) . Similarly, Hg concentrations are high in Nice harbor sediments and mussels (Andral et al., 2004) but fishes were collected outside this harbor and could thus been considered as less impacted by this contamination.
At each location, fishermen were asked to collect at least 2 kg of fish. In order to ensure that the sampling was representative of the actual catches, they received no further instruction.
Mainly, they were asked to fish in the zone where they usually work, and not to balance the sampling if one species appeared predominant. If necessary, fishes were caught in several fishing operations performed throughout the month and were stored frozen until the total quantity reached~ 2 kg.
In the lab, species were separated. Individuals were measured (standard length, to the nearest mm), weighed (total mass, to the nearest 0.1 g) and dissected. A sample of muscle located on the caudal peduncle was collected for total Hg analysis, as required by the international standards (Nakhlé et al., 2007) . Muscle samples were stored frozen, before freeze-drying and grinding. Sagittal otoliths were removed from the cranial cavity to determine fish age.
Mercury determination
Total Hg concentration was determined by the semi-automated atomic absorption spectrophotometer (AMA-254, Altec Ltd., Praha, Czech Republic) in three steps. First, the muscle sample is burnt and mercury is volatilized. Then the evaporated elemental mercury is captured by a gold trap. Finally, the trap is heated (800°C), Hg swept into the flow cell, and . This technique allows the determination of the total Hg but not the methylmercury (MeHg), the organic mercury compound of major concern. However, total
Hg is a good proxy of MeHg, as MeHg represents 80 to 100 % of the total Hg in Mullus spp. Tolga Gonul and Kucuksezgin, 2007) . Concentrations are expressed relative to the dry mass (dm) of individuals. One determination of Hg concentration was performed for each individual.
Age determination
As recommended by international expert groups (ICES, 2012) and described in Mahé et al. (2013) , two techniques were used in order to achieve the most precise estimation of the fish age: observation under transmitted light, as well as observation under reflected light before and after burning the whole otolith. After preparation, otoliths were immersed in 5 % alcohol water. Otoliths were observed with a binocular microscope connected to a computer with TNPC software (digital processing of calcified structures, www.tnpc.fr). Each otolith was analyzed by three different experts. Age was determined for 917 individuals.
Numerical analyses
Statistical analyses were run to test (1) spatial differences of length for each species, (2) if a correlation was apparent between length and Hg concentration, and (3) to test the effect of species, fish age, sampling site and time on Hg concentration. Finally, as age could not be determined for all individuals, effect of age on Hg concentration was tested separately.
Comparison of mean length between sites and considering both species separately were performed with Kruskall-Wallis non-parametric test (KW), as lengths were not normally distributed. The effect of length on Hg concentration was determined for each species separately by linear Pearson correlation. The general pattern for each species (ie without considering spatial variation) was tested first. Then, spatial differences were tested by considering all sites separately.
The effect of species, sites and sampling dates on Hg concentration was assessed using analysis of variance (ANOVA), as no effect of length on Hg concentration was detected. The effect of age on Hg concentration was tested first on all individuals together, then considering species and sites separately. Individuals aged 0 and 4 were poorly represented (always less than 3 individuals for each species at each site) and were consequently not included when species and sites were separated.
All ANOVAs were run on log-transformed Hg concentration, as Hg was not normally distributed. When significant differences were observed, Student's Least Square Distance (LSD) post hoc test was performed. Numerical analyses were run with R statistical software (R Core Team, 2014) .
Results
Sample size, biometry and age
A total of 1042 fishes were captured, including 556 Mullus surmuletus and 486 M. barbatus.
M. surmuletus was the predominant species at all sites except at Nice (Table 1 ). The actual number of fishes by species, site and date is detailed in Table S2 . Individuals aged 1 and 2 years represent 90% of the sampling (496 and 328 respectively), followed by individuals aged 3 (69). Individuals aged 0 and 4 years were under-represented (22 and 2 respectively).
Significant differences of fish length between sites were observed for M. barbatus (KW H (4,486) = 168.78, p < 0.0001) and M. surmuletus (KW H (4,556) = 56.65, p < 0.0001). At similar ages, M. barbatus individuals from Sant'Amanza were always larger than counterparts from all other sites (Fig. S1 ). This trend was not observed for M. surmuletus.
Mercury concentrations
All measured Hg concentrations were lower than the 2.5 µg g -1 (dm) threshold defined by the European Commission as a safety value for mercury concentration in foodstuffs (EC, 2006) .
Three individuals exhibited concentrations above 2 µg g -1 , and 15 between 1.5 and 2 µg g -1 (Fig. 2) . Most of these Hg-rich fishes were M. surmuletus captured at Sant'Amanza (8 individuals) and individuals of both species from La Seyne (5 individuals).
Average Hg concentrations ranged between 0.23 ± 0.19 µg g -1 dm and 0.78 ± 0.36 µg g -1 dm with significant differences between sites (Table S3) Temporal variations of Hg concentration were detected (Table S3 ). Considering both species together, the highest values were measured in April 2013. High values were also observed during spring or summer when separating species and sites (Fig. 3) whereas seasonal cycles can potentially affect Hg concentrations. This study has made good this lack, and identified certain features that may be the cause of the patterns observed.
Inter-and intra-specific variability of Hg concentrations
Mean mercury concentrations ranged between 0.23 and 0.78 µg g -1 , consistently with previously reported results for mullids from the Mediterranean Sea (Table. 3 
Temporal variation of Hg concentration
Seasonal variation of Hg content in marine fishes is poorly documented (Greenfield et al.
2013
; Kucuksezgin et al., 2001; Mathieson et al., 1996) . As Hg has a higher affinity for proteins, muscle displays a higher Hg concentration than gonads (Webb et al., 2006) . Thus, Hg losses due to spawning are negligible (Trudel and Rassmussen, 2006) . 
Geographical comparison of Hg concentration in red mullet
In this work, Mullus spp. individuals were sampled at five Mediterranean sites exhibiting Low Hg concentration at Sète and Banyuls are consistent with previous values obtained in the same zone in sediment, mussels (Table S1) Difference in diet and size-related trophic level in two sympatric fish species, the red mullets
Mullus barbatus and Mullus surmuletus, in the Gulf of Lions (north-west Mediterranean Sea).
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